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In recent years, functionalized photopolymer systems capable of holographic recording are in great demand
due to their potential use in the development of holographic sensors. This work presents a newly developed
Nisopropylacrylamide(NIPA)-based photopolymer for holographic recording in reflection and transmission
modes. The optimized composition of the material is found to reach refractive index modulation of up to
5  10-3 and 1.6  10-3 after recording in transmission and reflection mode, respectively. In addition to fulfilling
the requirements for holographic recording materials, the NIPA-based photopolymer is sensitive to
temperature and has lower toxicity than acrylamide-based photopolymers. Possible application of the NIPAbased photopolymer in the development of a holographic temperature sensor is discussed.
OCIS codes: (090.0090) Holography, (090.7330) Volume gratings, (050.1950) Diffraction gratings, (130.6010) Sensors, (350.5130)
Photochemistry.
__________________________________________________________________________________________________________________

induced by electric field or temperature. In the present research,
temperature-controlled refractive index modulation of the
photopolymer-based holographic gratings is implemented for the
development of holographic temperature sensors.
The aims of the present research are the development of the
temperature sensitive photopolymer composition capable of
recording both transmission and reflection holograms and
characterization of the temperature response of holographic gratings
recorded in this photopolymer composition.

1. INTRODUCTION
Functionalized photopolymer systems capable of holographic
recording are of particular interest due to their potential to be utilized
in the development of holographic sensors. These devices are able of
providing real-time, reversible or irreversible, visual colorimetric or
optical readouts [1,2]. The basic holographic sensor consists of a
holographic diffraction grating embedded in the functionalized
photopolymer system. Upon interaction with the analyte, the analyteresponsive film acts as a recognition component and provides
changes in holographic grating properties such as the peak
wavelength of the diffracted light, the diffraction efficiency and the
Bragg angle. Functionalized photopolymer systems must have both
good holographic recording characteristics and the response to a
specific analyte. The simplest way to design a holographic recording
material responsive to a specific analyte is based on exploitation of
the intrinsic properties of the material. The intrinsic properties can be
varied by incorporation of components with sensitivity to a specific
analyte.
This work focuses on a temperature sensitive holographic material
and its application for the development of holographic temperature
sensors operating in the temperature range from 18 to 50 ̊C. Among
a large variety of sensors, temperature sensors are in great demand
as temperature control is necessary in a wide range of industrial
processes [3]. Holographic diffraction grating based temperature
sensors have an advantage over other optical temperature sensors as
the holographic technique allows rapid production of lightweight,
miniature and disposable sensors [4-8].
Previously, the concept of a switchable diffraction grating was
demonstrated and switchable volume reflective elements were
fabricated from a polymer liquid crystal polymer slice structure by
holographic photopolymerization [9-13]. Capacity to control the
reflection efficiency is based on refractive index modulation change

2. PHOTOPOLYMER COMPOSITION
Our approach is based on introducing a thermosensitive monomer
such as Nisopropylacrylamide as the main monomer in order to
create a temperature sensitivity of the material. The temperature
sensitivity of Poly(Nisopropylacrylamide) (PNIPA) is derived from
its capability to undergo phase transition at a critical temperature.
PNIPA can be classified as a negative temperature-sensitive system
and has a lower critical solution temperature (LCST) of about 32 ̊C,
which can be manipulated by copolymerization of NIPA with other
appropriate monomers [14]. In addition of temperature sensitivity,
PNIPA has an advantage such as low toxicity [15,16]. Due to its low
toxicity PNIPA is the most popular intelligent polymer used for the
development of temperature responsive materials for drug delivery,
tissue engineering, biosensors etc. [17-22].
Also, our innovation step includes the incorporation of
Nphenylglycine (NPG) as a photoinitiator. The utilization of NPG
instead of traditionally used triethanolamine as the primary
photoinitiator allows decreasing the permeability of the layer to
water molecules and improves both the humidity resistance of the
holographic grating and the scratch resistance of the photopolymer
layer [23]. At the same time it has been demonstrated that
holographic diffraction gratings recorded in photopolymer systems
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containing NPG as the initiator suffer from the lower diffraction
efficiency [23,24].
During the development of the photopolymer composition
introduced in the present paper, the diffraction efficiency was found
to decrease up to two times within few hours after the recording.
Deterioration of the diffraction efficiency was attributed to the low
diffusion rate of monomers. The low diffusion rate of monomers led
to the significant amount of unreacted monomers remaining in dark
regions after the recording. Due to the concentration gradient created
during the holographic recording, the monomers diffused from dark
to bright regions causing the refractive index modulation reduction
and, as a result, the diffraction efficiency decreased.
In order to stabilize the diffraction efficiency, glycerol as a
plasticizer was introduced into the photopolymer composition. As
shown previously [25], the addition of glycerol promotes diffusion of
monomer molecules during holographic recording, improves
exposure sensitivity and the stability of created photonic structures.
After addition of glycerol, the stability of the diffraction efficiency of
gratings recorded in the NIPA-based photopolymer composition was
improved. In transmission gratings, the diffraction efficiency was
unchanged within 14 days and 30 % decrease was noticed in
21 months. In reflection gratings, a few percent decay of the
diffraction efficiency was observed within 24 hours after the
recording. After 41 days a 20 % decrease was noticed. To prevent the
observed decay of the diffraction efficiency, reflection gratings were
UV-cured using Dymax UV curing system (model ECE-200). After UVcuring with total exposure of 5.4 J/cm2 the decrease for few percent
was observed within 41 days after the recording. Thus, the addition
of glycerol followed by UV-curing allowed stabilizing photonic
structures holographically recorded in the NIPA-based
photopolymer.
Optimization of the photopolymer formulation was carried out by
varying the concentration of all the constituent elements in order to
create a photopolymer material with good holographic recording
characteristics. The alteration of the monomer concentration allowed
determining the maximum amount of monomers, which can be
accommodated by the matrix without phase separation. The
saturated amount of NIPA in the photopolymer solution is found to
be 11 mg/ml. Introducing higher amount of NIPA leads to the
deterioration of the layer quality, i.e. crystallization of NIPA on the
surface of the layer. According to the previous research [26], the best
performance of the NIPA-based photopolymer was observed when
the ratio of NIPA and the cross-linker such as
N, N’methylenebisacrylamide (BA) was 4:3. In our research, the
NIPA and BA ratio was also kept 4:3.
Then, the optimization of the photoinitiating system was carried
out to improve the sensitivity of the material. The optimum
concentrations of the light absorbing component (Erythrosin B) and
NPG were obtained by determining the maximum achievable
refractive index modulation during holographic recording. Finally,
the glycerol concentration was optimized. In transmission mode, the
optimum concentration of glycerol was determined as minimum
concentration that allowed recording gratings with stable diffraction
efficiency within 14 days and it was 0.2 ml in 18.2 ml of the
photopolymer solution.
In reflection mode, the material should be able to achieve high
spatial resolution. Spatial resolution can be manipulated by
controlling the size of polymer chains during its growing and
extending out/diffusing into the illuminated areas. To improve the
spatial resolution of the material, recently proposed approach [27]
was utilized. It was observed [27] that the combination of the chain
transfer agent (CTA), such as citric acid, with the free radical
scavenger, such as glycerol, improved the spatial resolution of the
photopolymer material and led to enhancement of the diffraction
efficiency. Based on this approach, two modifications of the NIPAbased photopolymer composition were done. Firstly, CTA such as
citric acid was incorporated. Secondly, glycerol concentration was
increased in comparison with the photopolymer composition for the

transmission mode recording. CTA terminates the polymer chain and
forms a new active radical capable of initiating the growth of a new
polymer chain [28]. This promotes the growth of shorter polymer
chains and prevents their extending out of the bright fringe areas
leading to the higher refractive index modulation and, hence, the
diffraction efficiency. At the same time, shorter chains are more
mobile and can diffuse from the bright to dark regions [29,30]. In
order to limit the mobility of short chains, the concentration of
glycerol was increased. Glycerol speeds up polymerization leading to
decreased permeability of the matrix and limited mobility of short
chains. The improvement of spatial resolution and diffraction
efficiency can be explained by the effects of both CTA, which
promotes the growth of shorter chains, and glycerol, which restrict
short polymer chain movement [27]. Our experimental results
showed that the increase of glycerol concentration from 0.2 ml to
1 ml allowed enhancing the diffraction efficiency of the reflection
grating from 6 to 20 %. In addition, polyvinyl alcohol with low level
of hydrolysis (80 %) was used as it had been found to have low
permeability that allowed recording in reflection mode [31].
The optimized photopolymer composition is presented in Table 1.
The composition of the thermosensitive photopolymer for recording
in transmission mode contains an inert polymeric binder (polyvinyl
alcohol, molecular weight of 9000-10000, 80 % hydrolyzed, Sigma
Aldrich), a monomer (Nisopropylacrylamide, 97 %, Sigma Aldrich),
a cross-linker (N, N’methylenebisacrylamide, 99 %, Sigma Aldrich),
a photo-initiator (Nphenylglycine, 97 %, Sigma Aldrich), a
plasticizer and a free radical scavenger (glycerol, 98 %, Fisher
Scientific) and a light absorbing component (Erythrosin B, Sigma
Aldrich). The composition for recording in reflection mode also
contains CTA such as citric acid (99 %, Sigma Aldrich). The newly
developed photopolymer composition is a self-processing material,
which does not require any post treatment in order to develop a
volume phase transmission/reflection grating.

Table 1. Photopolymer Composition
Chemical Reagent
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Chemical
Compound

Transmission
Mode

Reflection
Mode

Polyvinyl alcohol

8.79 % w/v

8.42 % w/v

Nisopropyl
acrylamide

0.097 M

0.093 M

N, N’Methylene
bisacrylamide

0.053 M

0.051 M

Erythrosin B

1.3710-4 M

1.3210-4 M

Nphenylglycine

0.0145 M

0.0139 M

Glycerol

0.15 M

0.72 M

Citric acid

-------

0.022 M

transmission gratings was calculated as the ratio of the intensity of
the diffracted beam and the intensity of the incident beam.
In reflection mode recording, diffraction gratings with the spatial
frequency of approximately 2700 lines/mm were recorded. The
diffraction efficiency was monitored using a 532 nm beam from
Nd:YVO4 laser and was determined as the ratio of the intensity of the
diffracted beam and the difference of the intensities of the incident
beam and the reflected beam.
Quantitative analysis of the refractive index modulation (n) of the
material achieved during holographic recording was carried out
using the coupled wave theory [33]. The applicability of the coupled
wave theory was justified by calculation of Q factor using
Equation (1) [34]:

3. EXPERIMENTAL
3.1. Holographic Recording
The photopolymer solution was prepared by mixing all the
components using a magnetic stirrer. Photopolymer layers with the
thickness varying from 20 to 115 m were prepared by deposition of
the appropriate amount of photopolymer solution on the leveled
glass slides (76  26 mm2) and drying for 18 hours in a dark room at
temperature of 21  2 ̊C and the relative humidity of 35  5 %. In
order to get 100 m thick layers, 3 ml and 1.5 ml of photopolymer
solution for recording in transmission and reflection modes,
respectively, were used. The thickness of the dry layers was
measured with a white light interferometric surface profiler
MicroXAM S/N 8038.
The transmission and reflection volume phase gratings were
recorded using the set-up presented in Figure 1a and 1b, accordingly.
The photopolymer layers were exposed to two beams of 532 nm
wavelength obtained by splitting a Nd:YVO4 laser beam. Holographic
recordings were done at 532 nm wavelength as it was previously
demonstrated that the maximum absorbance of the photopolymer
composition sensitized with Erythrosin B was 526 nm [32]. In order
to achieve the best performance of the photopolymer composition,
the recording conditions were optimized by varying the recording
time and total recording intensity. The results from the holographic
characterization of the photopolymer composition are presented in
section 4.

Q

2 d ,
n2

(1)

where λ is the wavelength of the recoding light, d is the thickness of
the photopolymer layer, n is the average refractive index of the
medium and  is the spatial period. In the present research, Q factor
for the transmission gratings with the spatial frequency of
300 lines/mm and with the thickness ranging from 30 to 90 m was
found to be in the range from 6 to 18. For the reflection gratings with
the spatial frequency of 2700 lines/mm and thickness ranging from
20 to 115 m, Q factor was estimated to be in the range from 326 to
1878. This allowed applying the coupled wave theory for the
evaluation of the refractive index modulation achieved during
holographic recording. Equations (2) and (3) were utilized for
transmission mode and reflection mode, respectively:
 cos sin 1 
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where λ is the wavelength of the reconstructing beam,  is the Bragg
angle inside the photopolymer layer for the reconstructing
wavelength,  is the diffraction efficiency.

C
S

 cos  tanh 1

PM

Nd:YVO4 Laser
532 nm

HWP

PBS

3.2. Temperature Response Testing
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Before the temperature test, the gratings were UV-cured by exposing
them to 5.4 J/cm2 using Dymax UV-curing system. It was carried out
in order to polymerize all residual monomers and to stabilize the
recorded gratings. The temperature response of the transmission
grating was investigated by monitoring the maximum diffraction
efficiency in the temperature range from 18 to 47 ̊C and at relative
humidity of 60 %. In order to monitor the maximum diffraction
efficiency, the position of the sample at every temperature was
adjusted by rotation and the diffraction efficiency at Bragg incidence
was obtained. A controlled environment chamber with humidity and
temperature control system (Electro-tech system, model 5503-11)
was used in order to create different environmental conditions.
During the exposure to temperature, the intensities of transmitted
(I0) and the first-order diffracted (I1) beams were monitored by
means of an optical power meter (Newport 1830-C) simultaneously
(Figure 2a). The readings were taken 5 min after exposure to a new
temperature to allow for the samples to equilibrate with the
surrounding conditions and the diffraction efficiency in this
experiment was defined as I1/(I1+I0).
The temperature response of the reflection grating was
characterized by monitoring the peak wavelength of the light
diffracted by the diffraction grating in the temperature range from 20
to 50 ̊C and at relative humidity of 60 % (Figure 2b). The probe light
from a broadband light source (AvaLight HAL-S) was guided into the
chamber by a fibre optic cable (Avantes FC-UV400-2). The diffracted
light from the grating was coupled through a second fibre optic cable
to a spectral analyzer (Avantes AvaSpec-2048). The readings were
taken 5 min after exposure to the new temperature in order to allow
the samples to equilibrate with the surrounding conditions.

Photopolymer
layer

VA

b)
Photopolymer
layer

M
VA

C
S

SF

Nd:YVO 4 Laser
532 nm

M
HWP

PBS

HWP SF

C VA

Fig. 1. Experimental set-up for the recording of a transmission grating (a) and
a reflection grating (b): S - electronic shutter; HWP – half-wave plate;
PBS – polarizing beam splitter; SF – spatial filter; C – collimator; VA - variable
aperture; M – mirror; PM – power meter; PC - computer.

In transmission mode recording, the angle of the recording beams
was altered to record diffraction gratings with the spatial frequency
of 300, 1000 and 2700 lines/mm. Real-time diffraction efficiency
growth curves were recorded using a 633 nm probe beam from
HeNe laser. The intensity of the diffracted beam was monitored by
means of an optical power meter (Newport 1830-C) and the acquired
data were transferred to a computer. The diffraction efficiency of the
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Figure 4 shows typical diffraction efficiency growth curves for
transmission gratings with the spatial frequency of 300, 1000 and
2700 lines/mm recorded using total recording intensities presented
in Table 2. The thickness of the layer was 60  5 m. The
photoresponse of the material is nonlinear due to complicated
processes of polymerization and diffusion resulting in the refractive
index variation. The slope of its linear part gives the sensitivity of the
material that depends on the spatial frequency. At 300 lines/mm and
1000 lines/mm total recording intensity of 2 mW/cm2 was found to
be the optimum to get maximum diffraction efficiency using
minimum exposure. The diffraction efficiency of 60 % and 80 % was
achieved for transmission gratings with spatial frequency of
300 lines/mm and 1000 lines/mm in 60  5 m thick layers,
respectively. At 2700 lines/mm the diffraction efficiency of 30 % was
reached after 63 seconds of exposure to the total recording intensity
of 9.5 mW/cm2.

4. HOLOGRAPHIC PERFORMANCE OF THE NIPA-BASED
PHOTOPOLYMER
4.1. Diffraction Efficiency
The holographic recording capabilities of the NIPA-based
photopolymer were investigated by recording transmission volume
phase gratings at the spatial frequency of 300, 1000 and
2700 lines/mm and reflection volume phase gratings at the spatial
frequency of 2700 lines/mm. Optimized conditions for the recording
in both transmission and reflection modes are shown in Table 2.
a)

Controlled environment
chamber
T C, RH %
transmission grating

190

L

180

I0

He-Ne laser
(633 nm)

170

Intensity

PM

160

I1

150

PM

L

140
130
120
110

b)

Controlled environment
chamber

50

60

70

80

90

100

x, m

T C, RH %

Fig. 3. Phase-contrast microscopy image (a) and refractive index modulation
profile (b) of the photonic structure with a spatial frequency of 300 lines/mm
recorded in the NIPA-based photopolymer.

reflection grating
Illumination

Diffracted light

CL

CL

WLS
OF

SA

Diffraction efficiency (%)

OF

Fig. 2. Schematic representation of the set-up for testing the temperature
response of the transmission grating (a) and the reflection grating (b). L – lens;
PM – power meter; CL – collimating lens; OF – optical fibre; WLS – white light
source; SA – spectral analyzer.

Table 2. Holographic Recording Characteristics
Recording
Mode

Transmission
Transmission
Transmission
Reflection

Spatial
Frequency
(lines/mm)
300
1000
2700
2700

Optimum
Total
Recording
Intensity
(mW/cm2)

Total
Exposure
(mJ/cm2)

2.0
2.0
9.5
10.5

700
320
600
1050

80
1000 lines/mm

40
2700 lines/mm

20
0

Diffraction
Efficiency
(%)
[60 ±5 µm
thick
layer]
60
80
30
20

300 lines/mm

60

0

200

400

600

800

-2

Exposure (mJ cm )
Fig. 4. Diffraction efficiency growth curves for transmission gratings with the
spatial frequency of 300 lines/mm, 1000 lines/mm and 2700 lines/mm.

Figure 5 shows angular selectivity curves of transmission gratings
with the spatial frequency of 300, 1000 and 2700 lines/mm recorded
in the photopolymer layers with the thickness of 75  5 m. Angular
selectivity curves of transmission gratings have the side lobes
indicating uniformity of the refractive index profile through the depth
of the photopolymer layer created during holographic
recordings [35].
To record high quality holograms in reflection mode, materials
with high spatial resolution are required. As discussed above, the
photopolymer composition was modified by incorporation of citric
acid as a chain transfer agent which in combination with glycerol (a
free radical scavenger) improved the spatial resolution of material.
Once the concentration of the citric acid was optimized, volume phase
reflection gratings with the spatial frequency of 2700 lines/mm were

Figure 3a presents the phase-contrast microscopy image of the
photonic structure recorded in transmission mode at a spatial
frequency of about 300 lines/mm in the NIPA-based photopolymer.
The image displays the map of the refractive index in the recorded
area. Figure 3b shows the profile of the refractive index modulation
created during holographic recording. The intensity of the signal is
the transmittance of the sample, which corresponds to the refractive
index in the recorded area. It is observed that the intensity changes
periodically with a spatial period of about 3 µm which confirms that
the spatial frequency of the recorded photonic structure is about
300 lines/mm.

4

efficiency. A possible explanation is that at the exposure energy of
1050 mJ/cm2 the available dynamic range of the material has been
used up fully. This assumption is also supported by the experimental
data on UV-curing. The diffraction efficiency of sample recorded with
the exposure energy of 1050 mJ/cm2 is found to remain unchanged
after UV-curing with total exposure of 5.4 J/cm2.
Thus, the NIPA-based photopolymer is capable of holographic
recording in both transmission and reflection modes and the
diffraction efficiency of 80 % and 20 % can be reached, respectively.

recorded in 60  5 m thick layers. Optimum total recording intensity
was found to be 10.5 mW/cm2. Experimental dependence of the
diffraction efficiency on the exposure energy is presented in Figure 6.

Diffraction efficiency ( %)

300 lines/mm
80
60

40

4.2 Refractive Index Modulation

20

Refractive index modulation achieved during holographic recoding is
one of the most important parameters of a holographic recording
material. Characterization of the refractive index modulation in the
NIPA-based photopolymer was carried out for both transmission and
reflection recording modes. Experimental results for transmission
gratings recorded at the spatial frequency of 300, 1000 and
2700 lines/mm in the layers with the thickness ranging from 30 to
90 m are shown in Figure 7.
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Deviation from Bragg angle (degree)
2700 lines/mm

Diffraction efficiency ( %)

3
2
1
35

50

65

80

95

Grating thickness m)

30

Fig. 7. Refractive index modulation versus the thickness of transmission
gratings recorded at the spatial frequency of 300 lines/mm (), 1000 lines/mm
() and 2700 lines/mm ().

20
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The photoinduced refractive index modulation was found to
depend on the thickness and the spatial frequency of the grating. The
decrease of the refractive index modulation with increasing thickness
was observed. Possible reasons are the material absorption and the
scattering of the incident light beams. These effects become more
pronounced in the thick layers leading to the incident light intensity
losses and the decrease of the refractive index modulation. This could
lead to attenuation of the grating inside the photopolymer layer
[36,37]. Also, the refractive index modulation depends on the spatial
frequency. Maximum refractive index modulation of up to 5  10-3
was reached after holographic recording in 30  2 m thick layers at
1000 lines/mm. The refractive index modulation at 2700 lines/mm
was significantly less due to limited resolution of the material. For
applications where high diffraction efficiency is required at the spatial
frequencies in the range from 2000 to 3000 lines/mm the
photopolymer composition containing citric acid and increased
concentration of glycerol can be used.
Figure 8 shows the dependence of the refractive index modulation
versus the grating thickness for holographic recordings of reflection
volume phase gratings with the spatial frequency of 2700 lines/mm.
The decrease of the refractive index modulation with increasing
thickness was observed due to light absorption in the photopolymer
layer. The thicker the layer, the bigger the difference in intensity of the
two recording beams. This leads to the lower visibility of interference
fringes during holographic recording and, hence, the lower refractive
index modulation is achieved. The new material was found to reach
refractive index modulation of up to 1.6  10-3 in 20  2 m thick
layers and up to 0.6  10-3 in 115  5 m thick layers. Optical thickness

0
-4

-2

0

2

4

Deviation from Bragg angle (degree)

Fig. 5. Angular selectivity curves for transmission gratings with the spatial
frequency of 300 lines/mm, 1000 lines/mm and 2700 lines/mm.

Diffraction efficiency ( %)

4

20

40

20
15
10
5
500

5

900

1300

1700

2100

Exposure (mJ/cm2)

Fig. 6. The diffraction efficiency of reflection gratings with the spatial
frequency of 2700 lines/mm versus exposure.

The diffraction efficiency of 20 % was obtained for the exposure
energy of 1050 mJ/cm2. Further increase of the exposure energy up
to two times did not lead to the improvement of the diffraction
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Refractive index modulation
103

in 532 nm was found to be 1.8 and 3.5 for the layers with the
thickness 50 and 95m, respectively. Thus, the refractive index
modulation of the material can be tuned by the alteration of the
thickness of the layer. This is beneficial for the utilization of novel
photopolymer in diffractive optics.

1.4

above 30 ̊C the photopolymer layer is getting hydrophobic and the
absorbed water is expelled leading to the decrease of the diffraction
efficiency due to the shrinkage of the layer and the decrease of the
refractive index modulation.
Thus, the sensing capability of the transmission grating recorded
in the NIPA-based photopolymer composition is based on
temperature-induced changes in the diffraction efficiency. The
transmission holograms produced in this photopolymer composition
can be used for the development of holographic temperature sensors
and temperature switchable attenuators.

1.1

5.2. Reflection Gratings

1.7

The temperature response of the reflection grating with the spatial
frequency of 2700 lines/mm was characterized by monitoring the
peak of the wavelength of the diffracted light in the temperature
range of 20 - 50 ̊C and at relative humidity of 60 % (Figure 10). Total
recording intensity of 10.5 mW/cm2 and exposure energy of
1050 mJ/cm2 were used to record the reflection grating in 60  5 m
thick layers.

0.8
0.5
15

35

55

75

95

115

Grating thickness (m)

Fig. 8. Refractive index modulation versus the thickness of reflection gratings
recorded at the spatial frequency of 2700 lines/mm.

640

Wavelength (nm)

5. TEMPERATURE RESPONSE
5.1. Transmission Gratings

Normalized diffraction
efficiency

The temperature response of transmission gratings with the spatial
frequency of 1000 lines/mm was investigated by monitoring the
maximum diffraction efficiency in the temperature range from 18 to
47 ̊C and at relative humidity of 60 %. Transmission gratings with
initially low diffraction efficiency of 35 ± 2 % were recorded in
60  5 m thick layers using exposure time of 40 sec and total
exposure intensity of 2 mW/cm2. Normalized diffraction efficiency
was calculated as the ratio of the diffraction efficiency at certain
temperature and the diffraction efficiency at the start of the
experiment at 18 ̊C. The dependence of normalized diffraction
efficiency on temperature is presented in Figure 9.

20

1.2
1
35

40

45

50

The trend of the temperature response of the reflection grating is
similar to one of the transmission grating. Exposure to temperature
below 30 ̊C causes the swelling of the photopolymer layer leading to
the increase of the grating period and the wavelength shift of up to
15 nm to longer wavelength. Exposure to temperature above 30 ̊C
induces the shrinkage of the layer leading to the decrease of the
grating period and as a result the wavelength shifts to shorter
wavelengths for up to 50 nm. The wavelength shift of 50 nm can be
visually detected by a color change of the hologram when
reconstructed in white light. Figure 11 demonstrates the
photographs of the key and its Denisyuk hologram recorded in the
NIPA-based photopolymer. Denisyuk hologram was recorded in
60 ± 5 m thick layers using the recording intensity of 25 mW/cm2
and exposure time of 100 sec. Figure 11b and 11c show holograms of
the key before exposure to temperature (at 20 ̊C) and during
exposure to temperature of 50 ̊C, respectively.

1.4

30

40

Fig. 10. Spectral response of the reflection grating versus temperature.

1.6

25

30

Temperature (oC)

1.8

20

600

580

2

15

620

50

Temperature (oC)

Fig. 9. Temperature dependence of normalized diffraction efficiency of the
transmission grating.

a)

When the temperature increases, the diffraction efficiency
increases at temperatures below 30 ̊C and decreases above 30 ̊C.
Such behavior of the diffraction efficiency can be explained by means
of the ability of the photopolymer layer to transit from the hydrophilic
state to the hydrophobic state at a critical temperature. The
temperature level at which changes in the behavior observed is close
to the LCST of PNIPA. At temperatures below 30 ̊C the photopolymer
layer is hydrophilic. As known, the higher the temperature, the higher
the concentration of water molecules in the air at certain humidity
level. The higher the temperature the more water molecules are
absorbed by the layer leading to the increase of both the grating
thickness and the refractive index modulation. At temperatures

b)

c)

Fig. 11. The photographs of the key (a) and its Denisyuk hologram recorded
in the NIPA-based photopolymer before temperature exposure (b) and during
exposure to temperature of 50 ̊C (c).

It can be seen that the temperature increase from 20 ̊C to 50 ̊C
causes a color change of the hologram. This is well suited to the
application of reflection holograms as temperature visual indicators
that visibly change the color under temperature exposure. The

6

reversibility of the temperature induced wavelength shift was
studied by exposing the reflection grating to 6 cycles of temperature
changes. The wavelength shift caused by temperature exposure for
identical period of time was observed to be constant. However, the
wavelength of the diffracted light was found to not recover to its initial
value. After recovery for 24 hours at 20 ̊C the wavelength of the
diffracted light shifted to the shorter wavelength for 5 nm. The
possible explanation can be potential inability of the matrix to recover
to the original volume.
Thus, the temperature response of the reflection diffraction grating
recorded in NIPA-based photopolymer composition is based on
changes in the peak wavelength of the diffracted light due to the
spatial period alterations caused by temperature induced
conformational changes of PNIPA molecules at a critical temperature.
Possible application of reflection holograms is temperature sensitive
labels that indicate what the current temperature of the product is
and especially if it is above a temperature that is critical for protecting
the quality of the goods. Such product will be very useful for
packaging industry where goods need to be stored at specific
temperature and not exceed it.

5.

6.
7.

8.

9.

10.

11.

6. CONCLUSION
12.

The NIPA-based photopolymer composition for holographic
recording in transmission and reflection modes has been developed.
Replacing toxic and carcinogenic acrylamide with low-toxic
Nisopropylacrylamide allows decreasing toxicity of the material.
Holographic performance of the NIPA-based photopolymer in both
transmission and reflection modes was characterized and the
optimum recording conditions at the spatial frequency of 300, 1000
and 2700 lines/mm in transmission mode and 2700 lines/mm in
reflection mode were identified. In addition to fulfilling the
requirements for holographic recording materials, the NIPA-based
photopolymer is sensitive to temperature. Characteristics of
holographic gratings recorded in the NIPA-based photopolymer are
found to be temperature dependent. Temperature-induced changes
of the diffraction efficiency of transmission gratings and the
wavelength shift of reflection gratings are reversible within 2 % and
5 nm, respectively. The temperature response of holographic
gratings can be used for the development of holographic temperature
sensors operating in transmission or reflection mode.
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